Epitaxial Fe 1Ϫx Co x alloy films with xϭ0.22 and xϭ0.33 were grown on GaAs͑001͒ by molecular-beam epitaxy in a thickness range of 3 to 80 monolayers ͑ML͒. The magnetic properties were investigated by magneto-optic Kerr effect. Ferromagnetic order at room temperature was observed for thicknesses above 4 ML. The in-plane magnetic anisotropy of all films is a superposition of a uniaxial component with the easy axis along ͓110͔, which is not discussed here, and a four-fold contribution. The effective uniaxial and four-fold anisotropy constants, K U eff and K 1 eff , were determined by fits to the hard axis magnetization loops. K 1 eff contains an interface and a volume term which lead to a linear variation of K 1 eff with the inverse film thickness. It turns out that the surface and volume anisotropy constants are of opposite sign for all alloy compositions causing a sign reversal at a critical thickness, t crit . This critical thickness seems to be a universal value, which is caused by a general proportionality between the volume and the interface anisotropy constants with the same negative constant of proportionality for Fe 1Ϫx Co x /GaAs(001), Fe/Au͑001͒, and Fe/Ag͑001͒. This behavior of the four-fold anisotropy constants is consistently explained within Néel's pair energy model for a body-centered-cubic ferromagnet.
Epitaxial Fe͑001͒ films on Au͑001͒, Ag͑001͒, and GaAs͑001͒ have a positive four-fold in-plane anisotropy constant K 1 eff ͑easy axes along ͓100͔, ͓010͔, etc.͒, which varies linearly with the inverse film thickness and becomes negative below ϳ6 -7 monolayer ͑ML͒ ͑i.e., easy axis along ͓110͔, ͓Ϫ110͔, etc.͒. 1, 2 On the contrary, K 1 eff is negative above 7 ML in Fe 34 Co 66 (001) films on GaAs͑001͒, but becomes positive in thinner films. 3 This means that the competing volume and interface contributions to the four-fold anisotropy, which explain the observed behavior, are of opposite sign in every case. This raises the question of a fundamental correlation between the volume and interface magnetic anisotropy constants in epitaxial films. For a systematic study, single crystalline Fe 1Ϫx Co x alloy films with xϭ0.22 and xϭ0.33 were grown by molecular-beam epitaxy ͑MBE͒ on a GaAs͑001͒ substrate with a (4ϫ2) reconstruction and compared with previously obtained data for xϭ0 and x ϭ0.66. 4, 3 (4ϫ2) reconstructed singular GaAs͑001͒ surfaces were prepared by annealing at 600°C and subsequent Ar-ion sputtering at the same temperature. 5 After the substrate preparation, the Fe 1Ϫx Co x alloy was deposited at room temperature. The growth is similar to Fe or Fe 34 Co 66 on GaAs͑001͒, 1,3 as indicated by reflection high-energy electron diffraction. In order to obtain different alloy compositions, two Knudsen cells were used for co-evaporation: one with an Fe 32 Co 68 -alloy and another one with pure Fe. The flux of the Fe 32 Co 68 cell was kept constant for a growth rate of 0.5 ML/min, whereas the flux of the Fe cell was varied from 0.6 to 0.7 ML/min. The growth rates of both materials were controlled in situ by quartz monitors. For a more precise determination of the composition and the film thickness, the films were investigated ex situ by x-ray fluorescence spectroscopy. To make sure that for different thicknesses the substrate properties and the alloy compositions were exactly the same, multipatch samples in a thickness range of 3 to 17 ML were produced, using a shadow screen in the MBE chamber. Finally, the films were covered by a 25 ML thick epitaxial Au protective layer. It is known from previous x-ray diffraction investigations, that Fe 34 Co 66 has a lattice constant equal to bulk body-centered-cubic ͑bcc͒-Fe, 3 so it can be assumed that the mismatch between the lattice constant of the alloys and half of the GaAs lattice constant is 1.4% for the entire range of composition.
The multipatch samples were investigated magnetically by the magneto-optic Kerr effect ͑MOKE͒. The measurements show that all the films are ferromagnetic at room temperature for thicknesses above 4 ML. All the investigated films ͑thickness р17 ML͒ have a dominating uniaxial anisotropy with the easy axis along ͓110͔.
5 Assuming a magnetization process by reversible rotation along the hard ͓Ϫ110͔ axis, which is the case for the magnetization reversals observed in this work, an analytical expression H(m) can be fitted to the inverted magnetization loop 1, 3 where the uniaxial anisotropy constant K U eff and the four-fold anisotropy constant K 1 eff are the fitting parameters:
where m is the normalized magnetization component along the applied field axis, and M S is the saturation magnetization. K U eff is positive for all compositions and thicknesses, suggesting an uniaxial anisotropy with an easy axis along ͓110͔. It varies linearly with the reciprocal thickness and has no volume term, which means that the uniaxial anisotropy is The uniaxial interface anisotropy constant decreases slightly with increasing Co content, but is not discussed further in this contribution. K 1 eff depends on both, thickness and alloy composition as can be seen in Fig. 1 , where K 1 eff for different compositions ͑xϭ0 to x ϭ0.66͒ is plotted versus the inverse film thickness. K 1 eff varies linearly with inverse thickness, which is a consequence of the superposition of a volume and an interface contribution. The data can be fitted by the following linear expression: 2, 7 where the same behavior of the four-fold anisotropy was found with nearly the same critical thickness ͑ϳ7 ML͒, it seems that the correlation between K 1 vol and K 1 int is independent of the particular interface. This also explains, why the presence of two different interfaces ͑Fe 1Ϫx Co x /GaAs and Fe 1Ϫx Co x /Au͒ does not effect the observed K 1 int . This result gives some important hints for understanding the origin of the four-fold interface inplane anisotropy. When it was first observed, 8 specific defects with a four-fold symmetry were suspected to be responsible for K 1 int . However, the universal behavior of ultrathin Fe films on a variety of substrates rules out such a mechanism. Also, magnetoelastic interaction can be ruled out as the dominating contribution, because the value of K 1 int observed in films under compressive strain ͑Fe/GaAs͒ and under tensile strain ͑Fe/Au͒ is practically the same.
Since the four-fold anisotropy described here has not been calculated within ab initio theories, a qualitative interpretation within Néel's pair energy model is attempted.
9,10 In Néel's theory, the anisotropy energy is described as the sum of interaction energies of pairs of atoms in the crystal lattice. The interaction energy between two atoms at a distance r is expanded in a series of Legendre polynomials:
Higher terms are neglected, because it is assumed that the series expansion converges rapidly ͓g 2 (r)ӷg 4 (r)ӷg 6 (r)͔. is the angle between the unit vector of the magnetization direction m and the pair axis unit vector of the two atoms: cos()ϭ x m x ϩ y m y ϩ z m z ; ( x ʈ͓100͔, y ʈ͓010͔, z ʈ͓001͔). g 2 (r)ϭ1ϩm‫ץ‬r is the pseudo-dipole coefficient, and g 4 (r) ϭqϩs‫ץ‬r is the pseudo-quadrupole coefficient. l and q are the interaction energies, only depending on the distance r. m‫ץ‬r and s‫ץ‬r are the linear variations for a distorted lattice.
The general expression ͑3͒ is simplified in the following way: First, m‫ץ‬r and s‫ץ‬r can be neglected because the lattice mismatch of 1.4% between Fe 1Ϫx Co x and GaAs is rather small and independent of x. Second, we are interested only in the four-fold anisotropies within Néel's model, so we do not consider the isotropic and the two-fold contributions, which are expressed by the cos 2 terms. Third, we assume the 
In order to calculate the anisotropy energy density bulk inside the crystal, we add up all contributions of the nearest and next nearest neighbor pairs ͑all other pairs being neglected͒. With the underlying bcc lattice of the ferromagnet, we get bulk ϭ 2
where a 0 is the lattice constant, q NN the interaction energy of nearest neighbors, and q NNN the interaction energy of next nearest neighbors.
From the comparison of Eq. ͑5͒ with bulk ϭK 1 vol ␣ 1 2 ␣ 2 2 , we obtain:
͑6͒
The anisotropy energy density of the interface can be calculated in the same way, but now for an atom at the ͑001͒ interface, one next nearest and four nearest neighbors are missing. Furthermore, it must be taken into account that the interface anisotropy energy, as introduced, is the difference between the anisotropy energy of an interface and a bulk atom. . Numerical values of these parameters for Fe-Fe, Fe-Co, and Co-Co atom pairs could be found from alloys with different chemical order.
In conclusion, it was shown that a universal relation between the four-fold volume and interface anisotropy constants holds for Fe 1Ϫx Co x (001) films epitaxially grown on Au͑110͒, Ag͑001͒, and GaAs͑001͒. This unexpected behavior can be consistently understood within Néel's pair energy model of magnetic anisotropy. This agreement also means that the different electronic interface structure does not play a major role for the materials studied here, considering the four-fold anisotropy. It would be interesting to compare the present results with interfaces where strong electronic hybridization is expected like Ni/Cu, etc. However, Néel's phenomenological theory can not replace high precission ab initio calculations which should provide absolute values of anisotropy constants in the future instead of mere relations between different quantities.
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